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In the past two years there has been rem arkable progress in understanding the strong 
coupling behaviour o f string theory. These developm ents have illum inated m any long­
standing puzzles in string theory and in the physics o f black holes. In this talk, I shall 
review som e o f these ideas with emphasis on the spectrum o f  supersym m etric solitons in 
the theory, which has played an im portant role in the evolution and application o f these 
ideas. This talk is aim ed prim arily at an audience of particle physicists, phenom enologists 
and experim entalists not actively working in string theory.
M uch o f this progress centers around the notion o f ‘duality’. D uality is a  gauge 
sym m etry that relates a  given theory A at strong coupling to another theory B at w eak 
coupling. Com plicated strong coupling phenom ena in A are related to m uch sim pler weak 
coupling phenom ena in B which can be analyzed using ordinary  sem iclassical and 
perturbative techniques. Thus, once we are able to find the dual description o f a  theory A, 
many difficult nonperturbative questions that were inaccessible before, becom e tractable. 
D uality is a sym m etry that requires the knowledge o f  the full quantum  theory and is not 
apparent in perturbation theory. In this respect it Is very different frtsn the usual sym m etries 
in quantum  field theory which are true Cffder by order in perturbation theory. Therefore, in 
order to establish duality, we need to know something about the behaviour o f the theory at 
strong coupling. D uality  would not be such a useful sym m etry if  we needed to know
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everything about the strong coupling behaviour of a theory to find out what it is dual to. 
One of the main ingredients that makes it possible to assert anything at all about duality 
without actually solving the strong coupling theory is supersymmetry. Supersymmetry 
places powerful constraints on the structure of the quantum theory. W ith enough 
supersymmetry, many semiclassical quantities receive no quantum corrections-either 
perturbative or nonperturbative. One can thus learn much about the strong coupling 
behaviour of a theory by analyzing such- quantities in the semiclassical, weak coupling 
regime and then analytically continuing in the strong coupling regime. In particular, if  
two theories are dual, then various nonrenormalizcd quantities should match in the two 
theories. For example, in theories with sixteen or more supercharges, the spectrum o f 
massless states and their effective action is not renormalized and is completely determined 
by the gauge symmefiy, supersymmeuy and low energy consistency conditions such as 
anomaly cancellation. Therefore two theories cannot be dual unless their effective 
actions match.
An important observation of Witten and Olive is that this nonrenormalization o f the 
spectrum is valid not only for the massless states but for all so called ‘supersym m etric’ 
states. A supersymmetric state, or ‘super state’ for short, preserves som e o f  the 
supersymmetries and it follows from tlie supersymmetry algebra that it saturates a 
Bogomolnyi bound i.e., its mass M equals the ab.solutc value of some charge Z  The 
renormalization of its mass is therefore related to the renoim alization o f  the charge. 
With enough supersymmetries, the charge is sometimes not renormalized, which then 
implies that the mass is also not renormalized. Another way to characterize super states 
is that they belong to small representations of the supersymmetry algebra. Recall that the 
representations of supersymmetry algebra are analogous to the representations of the 
Poincare algebra. The Poincare algebra can have e ith ^  massless or massive refnesentations. 
For higher spin, the dimension of the massless representation is smaller than the dimension 
of the massive representation. For example, in 3 1 spacetime dimensions, the massive
vector representation is three dimensional whereas the massless vector representation is 
two dimensional. This reflects the fact tliat a massive vector has longitudinal polarization 
m addition to the two transverse polarizations of the massless vector. A small representafiem 
of the supersymmeuy algebra which represents a superstate is exactly analogous to the 
small representation of the Poincare algebra which represents a  m assless state. The 
Bogomolnyi inequality A/ > I 2 1 is the analog of M  > 0. The states which saturate the 
bound are in a small representation whereas the states which do not are in a  large 
representation. This characterization of superstates explains why one m ight expect 
their semiclassical spectrum to be exact. The Bogomolnyi bound W * I Z I relates 
renormalization of mass to renormalization o f charge. Now, even though the m ass can 
vary continuously, the dimension o f the representation cannot vary continuously. For 
the mass to become even slighUy larger than I Z I, the dimension of the representation 
would have to jum p discontinuously. Unless there are additional qearby states that can
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fill out a  large representation, one w ould therefore expect the spectrum o f  superstates 
to  be stable. M oreover, i f  the charge is not renorm alized, the m ass also  cannot 
get renorm alized. Therefore, the states that are tagged by a  particular mass and charges 
at w eak coupling  con tinue  to have the sam e m ass and charges even a t strong 
coupling.
O ne o f the sim plest and the first exam ple o f a  duality in four dim ensions is in the 
context o f  super Yang-M ills theory with gauge group SU{2) with N - 4  supersymmetry. In ' 
addition to the SU(2) gauge fields, the bosonic fields o f tl|e theory include six real scalars 
transforming in the adjoint o f  SU(2). The scalar potential is'zero because o f  supersymmetry. 
The scalars can acquire arbitrary nonzero expectation valuf so there is a  noduli space o f  the 
theory param etrized by the scalar expectation value. A t ^  origin o f the m oduli space, 
where all scalar expectation values are zero, the theory h a i the full SU(2) symmetry. Away 
from the origin the SU(2) is spontaneously broken to The N = 4 theory has four 
M ajorana  supercharges o r six teen  real supersym m etries. In th is case, the sm all 
representation for a  superstate with spin one is 16-dimensional. The spectrum o f  superstates 
o f  the theory consists o f  monopoles, dyons and massless and m assive vector bosons which 
Jill belong to 16-dimensional representations. The charge IZ  I in the Bogom olnyi bound is 
given by + m ^e  where a is the expectation value o f the Higgs scalar, e is the
coupling constant, n is the electric charge and m is the m agnetic charge. This formula can 
be easily derived in the semiclassical regime and then is exact by earlier arguments. One o f  
the striking features o f  the m ass form ula is that it is invariant under e 1 /e  and 
m m. This observation led M ontonen and Olive to a  rem arkable conjecture that this 
theory may be dual to itself. Note that massive vector bosons have m = 1 and n = 0. Under 
the duality transform ation these would get interchanged with the m agnetic m onopoles, 
which have m = 0 and n = 1. Thus, at weak coupling, when e is small, the fundam ental 
particles o f  the theory are the vector bosons. At strong coupling, when e is large, the 
m agnetic m onopoles are lighter than the vector bosons, and in fact, the theory has dual 
de.scription in terms of an TV *  4 super Yang-M ills theory with coupling constant 1 /e  which 
is w eakly coupled; the m agnetic m onopoles o f the original theory are the fundam ental 
particles o f  the dual theory. One o f  the m ain pieces o f  evidence that has led  to  the 
acceptance o f  this conjecture was provided by the spectrum  supersym m etric states. If 
duality  is indeed a  sym m etry, then it m akes precise prediction about the degeneracy o f  
various states. For instance, nonperturbative dyonic states that are related by duality to 
som e perturbative states m ust have the sam e degeneracy as the known degeneracy o f  the 
dual pertu rbative  states. The degeneracy o f  dyonic states can b e  com puted  using 
sem iclassical techniques. Predictions o f duality  provide m any nontrivial m athem atical 
consistency checks which w ere verified explicitly for the low est lying dyons first by Sen. 
In fact, the entire spectrum  o f  dyonic stales in this theory appears to be invariant under 
duality.
If  fundam ental particles can arise as solitons in som e dual theory, it is natural to 
w onder if fundam ental su ings also m ight arise as solitons in some dual theory, and if  string
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theory may have a dual description in terms o f another string theory or som e other 
theory. By analogy with point particle field theory one might expect that the spectrum  
of superstates in string theory can yield important nonperturbative information. Indeed, 
during past few years analysis o f supersymmetric states in suing theory has proved to 
be extfemely fruitful and has provided some of the key insights into the suuctu te  o f  
the theory. The expectation that fundamental strings themselves m ight arise as solitons 
in some dual theory has now been borne out in several concrete exam ples. This and 
several other seemingly unrelated developments have culminated into the concept o f  
duality as a general principle that governs the structure of suing theories.
To discuss these ideas concretely, let us consider, for definiteness, heterotic string 
theory com paaified on a six torus. At low energies this theory contains = 4 super Yang- 
Mills theory with adjoint matter. Therefore the superstates in the full suing tlieoiy definitely 
contain the dyonic states of this field theory described earlier. However, the spectrum o f 
superstates is much richer in string theory than in field theory. Even the perturbative 
superstates arc far numerous in string theory. For example, for every Yang-M ills vector 
boson in the low energy field theory there corresponds an infinite tower o f superstates in 
suing theory.
To describe these states, let us assume for simplicity that the internal six-torus 
is product o f six circles, all o f radius R. Now, a closed string that wraps around one o f 
this circle is stable because the winding number is topologically conserved. In addition 
to the winding the closed suing can have arbiuary oscillations that uavel to the left or 
to the right along the suing. The oscillaUons o f the suing can be decomposed in terms 
ol the normal modes. Each normal mode with n nodes is a  harm onic oscilla tor 
with frequency n. hence a free quantum string is simply a collection o f infinite harmonic 
oscillators with some total left-m oving oscillations num ber and right-m oving 
oscillation number A/^. A .state with nonzero oscillations carries nonzero quantized 
momentum M /R  flowing along the circle. The states are thus specified by the winding 
number L, momentum P, oscillations numbers and and four dim ensional m ass
m. Physical states have to further satisfy the mass-.shell conditions as well as gauge 
constraints:
= M / R f  + { N i , - l ) ^ { L R -  M /R)~ - tN , .
Which of these states are supersymmeuic ? In the Green-Schwarz formalism in the light- 
cone gauge, the heterotic suing has eight spacetime supersymmetties, all o f  which are 
earned by right-moving currents on the suing. I h e  right-moving oscillator ground state 
therefore preserves all supersymmetries and furnishes a 16-dimensional, spin one, small 
representation o f the supersymmetry algebra. Therefore, if  a stale is in the right-m oving 
ground state, then it is expected to be supersymme J c .  Such a state has no right-m oving 
oscillations (N* = 0), but can have arbiuary left-moving oscillations arbiuary) subject 
to tile constraint = 1 -  M L  It saturates a Bogomolnyi bound M = \ U l - N /R \ .  Now, 
as I t  happens in Kaluza-Klein theories momentum and winding along the internal circle
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m anifest them selves as gauge charges in four dimensions. The state has two charges 
qg ss LR -  M /R, q i »  LR + M /R, that couple to two abelian gauge bosons with gauge 
groups U(1)l X U(2)g. The states with 0 have no left-moving oscillations and are given 
b yL  K 1 ,M * 1  a n d L s - 1 ,  A f^ -1 .  These c o n re ^ n d  to the massive vector bosons. In fact, 
when /;  s  1, me mass o f these states goes to zero and the gauge symmetry is enhanced to 
U(2). Changing the radius away from R ^ i  corresptmds to I% gsing the symmetry to break 
it spontaneously to U (l)i x  U(l)g.
The num ber o f  such supersym m etric string state! with a given m ass m and 
given charges qi and qg is very large. If we choose the charges sudi that N i = l -  ML s  1 -i- 
is large, then the num ber states grows e x ^ n e n tia lly  as exp A n^JN i. 
This very rs^ id  grow th is characteristic o f string thecfry. A given total oscillator 
num ber Nl can be obtained many different ways by e x it in g  m any different normal 
modes, say, rii, /t2, n .^ The oscillator with frequency rii Icould be in at a level mi and
so on. The total oscillator num ber is then N i -  thus the num ber o f
states with a  given value N i  is simply the number of ways the integer N ic m b e  written 
as a sum of sm aller integers. For large Nl, it is easy to see that this number goes as 
exp An-^JNi.
So far 1 have described these superstates as perturttative string states. There is 
another way to think about these states which is useful. When the radius R of the circle 
around which the closed string wraps is large, the string looks like a large macroscopic 
cosmic suing in five dimensions. Now, string theory contains supergravity and super Yang- 
Mills theory as a low energy lim it Therefore, these macroscopic string states m ust exist as 
.solutions o f the low energy equations (d motion. Such a  Macroscopic Superstring solution 
was found by Dabholkar, Harvey, Gibbons and Ruiz. It reveals a  rich strucuire with many 
parallels in the theory of supersymmetric solitons in field theory. Tlie energy per unit length 
o f this solution saturates a Bogomol’nyi bound and is proportional to some charge per unit 
length. Consequently some o f the supo'symmetries remain unbrdten in die background of a 
macroscopic supo^tring. The remaining broken supersymmetries give rise to chiral fermion 
zero m odes on the string that carry the spacetime supersymmetry charges along the 
superstring exacUy as one would expect for a  fundamental chiral superstting. One can also 
write down the solutions o f  the low energy action that describe the entire tower o f the 
fundamental string-states described above that carry arbitrary left-moving oscillations and 
are still supersymmetric.
The macroscopic string solution describes a  one-dimensional soliton or a  1-brane. 
The spectrum of supersymmetric solitons in string theory ctmtains odio* extended, higher 
dim ensional objects called p-branes. Solutions of the low energy effective action 
corresponding to various conftguraticHis of such branes have now been found. A  great 
deal has since been learnt about various Imuie-solitons in string theory which together 
provide overw helm ing evidence for the existence o f duality as an exact quantum  
symmetry.
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Lei me now briefly describe an application o f these ideas to the physics o f  
black holes. Let me begin by reviewing the relevant aspects o f black holes. Black holes 
iKCur as solutions of Einstein equations in vacuum and are widely believed to be the end 
point of gravitational collapse of a very massive star. Once a black hole is fonned, the 
spacetime develops an event horizon from behind which nothing can esctq)e to observers at 
asymptotic infinity sitting far away from the black bole. In classical general relativity, a 
black hole is completely characterized by its mass, charges and angular momentum. Thus, 
(here is no trace of what matter collap.sed to form the black hole once it falls behind the 
event horizon. A classical black hole poses a  puzzle in thermodynamics. If  we throw into 
the black hole some matter carrying a lot of entropy like a bucket o f hot water, the total 
entropy o f (he outside world can be reduced apparently violating the .second law o f 
thermodynamics. Quantum mechanically, the black hole radiates by Hawking radiation that 
is approximately thermal with characteristic temperature called the Hawking temperature 
that depends only on the mass, charges and angular momentum. Thus a black hole with 
a given mass will be in thermal equilibrium with thermal radiation bath in a cavity 
(assumed to be sufficiently small to ensure thermodynamic stability). By the first law  
of thermodynamics, the black hole must carry entropy. One o f the beautiful results in 
black hole physics is that a black hole carries a huge entropy called the Bekenstein- 
Hawking entropy which is given exactly by AhM  where A^ is the area o f event horizon 
in Planck units. With this definition of the black hole entropy, one can form ulate a 
generabzed second law of thermodynamics such that titc total entropy of a  black hole 
and the external world always increases in any process. This law is found to be true in a 
number of gedanken experiments. Thus the Bekenstein-Hawking entropy behaves in 
very respect like ordinary entropy. In statistical mechanics, entropy equals the logarithm 
of the number of available microstates ol a given .system with fixed ma.ss etc. It is natural 
to ask what the microstates of the black hole are which can account for its enormous
entropy. This has been an out.standing puzzle in black hole physics for alm ost two 
decades.
Suing theory provides for the first time a possible explanation of black hole entropy 
in tenns of counting of microstates for .s<imc .special kind of black holes. W e have seen that 
the theory contains some supersymmetric states with a very large degeneracy. As I 
described, there are two ways of thinking about (he superstate which are complementary to 
each other and which describe the same state in different regimes. For a given mass m and 
charges and which can all be very large, we can choose the string coupling constant X 
to be sufficiently small so that all interactions aie very weak. One can the ignore the 
gravitational and elecU’omagnetic field around the state and describe it a perturbative string 
state in a flat spacetime. If we express N , in terms of ma.ss and charges and reinstate the
string coupling constant. Uien we find that the number of states with a given mass m and 
Charges qi and goes as
exp [ 4 a r V ^ ]  *  exp -  q \
SoUtons, branes and black holes 121
As we increase tbe coupling constant, keeping the m ass and the charges fixed, the 
effects o f gravity and other interactions become large. In particular, the condensate o f 
m assless fields around the state can no longer be treated as small. In this regime, it is 
m ore a^jpropriate to describe these states as solutions of the low energy supergravity, 
super Yang-M ills equations o f motion. The resulting spacetime is no longer flat and in 
fact describes the condensate of various m assless fields such as gravitons, photons, 
dilaton etc that is formed around the state. W e discussed the macroscopic string solution 
earlier which describes the superstate when the radius o f t lb  wrapping circle is large. 
W e can take the radius to be large compared to the string scile  but still macroscopically 
small. From afar, a  string that is wrapped around an internal circle looks like a  point particle 
state in four dimensions. In fact, the four dimensional solufion corresponds to nothing 
but a supersym m etric black hole specified by the mass m a id  charges and qi. One 
would therefore expect that the enuopy o f this black hole should equal the logarithm of 
the num ber o f perturbative string states with the same quantum numbers. One difficulty 
in testing this idea is that for supersymmetric black holes winch saturate the Bogomolnyi 
bound, OT = 1 Z  I, the horizon is singular, i.e., curvature of spacetime near the horizon 
is large. As a result, defining the area o f the horizon is problem atic and naively it is 
zero giving vanishing entropy. Sen argued that massive m odes o f the string would 
correct the black hole solution o f the low energy effective action black boles. He argued 
further that the area of surface that is a string-scale away from the horizon, the so called 
stretched horizon, would give the subleading correction to the entropy. This entropy 
is indeed found to be in striking agreement with the logarithm of the num ber of states. 
It equals where C is numerical constant that remains undetermined because we
do not know how- to incorporate the stfingy corrections to the solution. However, 
it correctly reproduces the nontrivial dependence on three independent param eters A, m 
a n d ^ t.
Subsequently , S trom inger and V afa considered, instead o f an o scilla ting  
fundatnental string wrapped around an internal circle, a configuration of 5-branes and 
a 1-branes in ten spacetim e dim ensions wrapped on an internal 5-torus which gives a 
point-like supersymmetric state in the remaining noncompact five spacetime dimensions. 
The state carries some m om entum  along the I-brane and is thus specified by three 
quantum  num bers : (2i, Qs and N, which are the num ber o f 1-branes, the num ber o f 
S-branes and tbe quantized right-m oving m om entum  along the brane, re.spectively. 
The advantage o f considering this configuration is that when tbe coupling is large, the 
resulting black hole has a  horizon which is nonsingular and has a nonzero area. Thus, there 
is no need to calculate the subleading correction to entropy as in the case o f black holes 
considered by Sen. The Bekenstein-H aw king entropy, A ///4, is then found to be 
2ftyj(^iQ sN. Following earlier logic, the number o f superstates does not change as we 
vary the coupling, so can be com puted when the coupling is small. Rem arkably, the 
logarithm o f the num ber o f stales computed at weak coupling agrees exactly, now even 
including the  num erical constant, w ith  the B ekenstein-H aw king en tropy  o f the
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corresponding black hole at strong coupling. String theory has thus provided with an 
example where the properties of the black holes can be understood (at weak coupling) in 
terms of a collections of various brane solitons. Many other properties of these black holes 
have been checked since, and tlie two pictures are found to be in perfect and often 
surprising agreement.
Acknowledgment
1 would like to tliank the organizers of the DAE Symposium for inviting me to speak at the 
conicrcnce iuid for their ho.spitality at Guwahati.
